Abstract. Camera calibration is a basic problem in computer vision. An optimized adaptive camera calibration method is proposed in this paper, which can efficiently and precisely calibrate cameras. Our calibration method is easy-to-use by using only one calibration board. In our method, we do lens distortion rectification and camera intrinsic and extrinsic parameters estimation separately, which increase the precision of lens distortion rectification. Meanwhile, dimensions are reduced in nonlinear optimization of camera parameters. By means of alternatively optimize camera's intrinsic and extrinsic parameter in nonlinear optimization, our method reduces the calibration error by at most 63.14% compared to Zhang's method [1] .
Introduction
In recent years, cameras are widely used in industry and our daily lives. Cameras are also basic input devices in computer vision systems. Under many situations, the relationship between image plane captured by camera and real 3D world is to be known. Camera calibration is developed to solve this problem. Therefore, camera calibration is the basic problem in computer vision.
Camera is a device that maps the real-word 3D space into image 2D space. Camera model is the relationship between the two spaces. Camera model is also called camera parameters. The computation of these parameters is called camera calibration. Camera calibration is a popular problem in computer vision. For decades, lots of camera calibration method is developed, which are divided into two categories: Photogrammetric calibration and Self-calibration.
Photogrammetric-based methods are performed by observing a calibration object in 3D space whose geometry is known with high precision. Usually, these methods are very efficient. But these approaches require an expensive calibration apparatus, and an elaborate setup [2] [3] .
Self-calibration does not use any calibration object. By means of moving a camera in a static scene, we can get the rigidity of the scene from one camera displacement by image information. Thus, if images taken from one camera, correspondences between three images are sufficient to obtain both the internal and external parameters of the camera [4] [5] [6] .
Other camera calibration methods includes vanishing points for orthogonal directions [7] [8] and calibration from pure rotation [9] [10] .
In this paper, a new adaptive camera calibration method with high performance and accuracy, based on Zhang's method [1] , is proposed. The proposed method includes camera lens distortion rectification and camera intrinsic and extrinsic parameter estimation.
Camera Model
Camera model project a point in real space from camera coordinate to image coordinate. In this paper, we use the common pinhole camera model, and consider lens distortion. Assume the point in camera coordinate is projected to point in image coordinate. Without lens distortion, the camera model is as in Eq. (1):
With and be the focal length of and axis respectively; and be the coordinate of the projection of optic axis on image plane; γ be the skew of the lens; be the scale coefficient. We make:
as the camera's intrinsic parameter matrix. We make use of chessboard object coordinate in the calibration. The origin of object coordinate is the left-top point of the chessboard. In one calibration image frame, the rotation matrix and translation vector between object coordinate and camera coordinate are called the extrinsic parameter of the frame. Assuming that is the homogeneous object coordinate of one point, and is the coordinate of the corresponding pixel in image. We have:
Since the chessboard is planar, we have for points on the chessboard. Assuming that is the -th column of rotation matrix , so that:
Lens distortion can be described using Eq.(5). We suppose that the point in origin image (which contains lens distortion) is projected to point in the rectified image. Then:
Where ( ) L r is the distortion function, is the distortion center in image, are the distortion coefficients.
Lens Distortion Rectification
Most camera calibration algorithms do lens distortion rectification and camera calibration simultaneously. With consideration of the fact that in most cases, the calibration chessboard cannot be placed near the camera, which means the distortion of the chessboard in image is trivial. In fact, lens distortion is usually obvious near the edge of the image. Therefore, we propose a two-step calibration algorithm that rectifies lens distortion before camera calibration. The advantage of our method is obvious: First, it is easy to detect the distortion of the lens; Second, if we do lens distortion rectification together with camera calibration, a non-linear function containing 11 variables ( ) needs to be optimized, while only 6 variables ( ) needs to be optimized in lens distortion rectification and only 5 variables ( ) need to be optimized in camera calibration. In non-linear optimization, more variables means larger searching space and more iterations. Furthermore, it is more difficult to get the optimized value in a higher dimension. We divide the calibration into two stages to avoid this problem.
To make the lens distortion in image more apparent, we need a chessboard that place near the lens and capture several frames (hereafter called lens images). Then, we run corner detection algorithm on lens images to detect all inner corner points of the chessboard, as show in Figure 1 . We can find the distortion near the image edge is larger than that near the image center. In Figure 1 , because of the lens distortion, the corners on a straight line on the chessboard are not aligned on a straight line in image. The purpose of our algorithm is to find a set of parameters that make the corners in image align on a straight line. We assume there are n lines made up by the corners in image (16 lines for 9*7 inner corners in this case), and is the corner points for line i. For corner points on each line i, we fit a line and computer the distance between corner points and line . We use the sum of the distance between each corner point and the corresponding line as the object function for non-linear optimization. In addition, it is observed that lens distortion is trivial near the center of the image; another part of object function is to minimize the offset of these points. Combining two parts of the object function, the whole object function for non-linear optimization is as Eq. (7).   0 0  1  2  3  4   2  2 , , , ,
Where argmin means that we want to find the parameters that can minimize the object function.
is the point in rectified image that corresponds to the point in origin image, which is obtained by Eq. (5) .
is the distance between point to line l. is the distance between point and . The optimization tries to find a set of parameters that minimize the object function in Eq. 
Where w and h are width and height of the image, respectively. We choose Levenburg-Marquardt (LM) non-linear optimization algorithm [11] to optimize Eq. (7) and get the optimized value of parameters . Figure. 2 show the rectified image. It can be seen that all the corners are aligned on lines. 
Camera Parameters Calibration
After lens distortion is rectified, camera calibration is carried out. The purpose of camera calibration is to get intrinsic parameters of the camera, together with rotation matrix and translation vector for each frame, which are called extrinsic parameters. The algorithm is two-step. First, closed-form of camera intrinsic and extrinsic parameters are computed using homography matrix of detected chessboard corners between object coordinate and image coordinate. Second, using the closed-form solution as initial value, and the projection error of corner points in images as object function, we make non-linear optimization to get better estimation of camera intrinsic and extrinsic parameters.
For closed-form solution, we make use of Zhang's calibration algorithm [1] . In addition, Rodrigues transformation [12] is employed to reduce extrinsic parameters from 12 (9 for rotation matrix, 3 for translation vector) to 6 (3 for rotation matrix, 3 for translation vector). Thus, the efficiency of the non-linear optimization is improved.
After the intrinsic matrix A and extrinsic parameters and for each frame, we do non-linear optimization to further optimize all parameters. Zhang [1] used an object function to optimize all intrinsic and extrinsic parameters. In practical applications, we find that too many optimization variables is the most serious defect of his algorithm. The optimization can hardly be performed on such a large searching space. For n frames of data, totally 5+6n variables needs to be optimized (5 intrinsic parameters, and 6 extrinsic parameters for each frame).
To solve this problem, we separate intrinsic and extrinsic parameters, and optimize them alternatively. For intrinsic parameters, only 5 variables are being optimized; For extrinsic parameters, since they are independent for each frame, optimization for 6 variables is done separately for each frame. Initial values for all variables are obtained from closed-form solution.
First, we fix intrinsic matrix A as the closed-form solution, and optimize extrinsic parameters and for each frame. Then, we alternatively optimize intrinsic matrix A and extrinsic parameters and . Assuming there are n frames and m inner corner points on chessboard, we select the object function as the sum of projection error for corner points in all frames. The object is to minimize the projection error. The sum of projection error for corner points is defined as follows: 
Thus, the object function for intrinsic parameters optimization is:
For the i-th frame, the object function for extrinsic parameters is: 
Where is the projection of point on chessboard on frame i. As shown in Eq.(4). For Eq.(10), 5 parameters of intrinsic matrix is to be optimized, while for Eq.(11), 6 parameters for each frame (3 for rotation matrix, 3 for translation vector) is to be optimized. There are n*6 extrinsic parameters altogether. Like lens distortion rectification, we also employ LM algorithm to optimize intrinsic and extrinsic parameters of the camera.
Experimental Results
We use Basler scA780-54gm digital camera for experiments, whose resolution is 780*582.
Figure 3- Figure 6 shows the reprojection error for camera calibration. Each red point in figure means the reprojection deviation of a chessboard corner point in a particular frame. Pixel error is the sum of all corner points reprojection error, as shown in figure (unit: px). Figure 3 is the reprojection error for closed-form camera parameters. The error is 286.50 px. Figure 4 is the reprojection error for extrinsic paramters when intrinsic parameters are fixed. The error is 49.98 px. Figure 5 is the reprojection error for alternatively optimization of intrinsic and extrinsic parameters. The number of iteration is 100 times. The error is 0.98 px. Figure 6 is the reprojection error using Zhang's method [1] , whose error is 1.00 PX. It can be seen that the error comparatively large when using closed-form solution. The error reduce significantly when extrinsic parameters are non-linearly optimized. After we alternatively do non-linear optimization for intrinsic and extrinsic parameters, the error is further reduced. After serveral iterations, the error is smaller than Zhang's method [1] . Table 1 shows RMS reprojection error (unit: px) of several other data using the same camera. Number of iterations is 100 for all data. As shown in Table 1 , the reprojection error of our alternatively non-linear optimization is better than Zhang's method. In average, the error of our method is 63.14% less than Zhang's method. Figure 7 shows 3D reconstruction of camera calibration using the result of our method. The figure shows the position of the chessboard for each frame in camera coordinate. 
Conclusions
In this paper, we propose an adaptive camera calibration algorithm, which can calibrate the camera's intrinsic and extrinsic parameters easily and accurately. By means of separating lens distortion rectification and camera calibration, the accuracy of lens distortion rectification is improved, and searching space for camera calibration is significantly reduced. In this way, the efficiency of the algorithm is promoted. In camera calibration stage, we alternatively optimize camera's intrinsic and extrinsic parameters to improve the accuracy of the calibration. Experiments show our method are better than traditional methods in both accuracy and efficiency.
